VISIBILITY DISTANCE THROUGH HEAT ABSORBING GLASS I n t r o d u c t i o n
Much research has been performed on t h e s u b j e c t o f v i s i b i l i t y through h e a t absorbing glass. For t h e most p a r t t h i s research has taken t h e form o f n i g h t t i m e s t a t i c and dynamic f i e l d s t u d i e s , l a b o r a t o r y v i s u a l a c u i t y s t u d i e s w i t h f i l t e r s , and a n a l y t i c a l studi e s . To o u r knowledge, no research has been performed i n t h i s area u s i n g a h e a d l i g h t v i s i b i l i t y computer model. Although t h e use o f a computer model i s c l e a r l y an a n a l y t i c a l approach, i t s capabi 1 i t i e s go beyond paper and p e n c i l analyses. The H e a d l i g h t V i s i b i l i t y comp u t e r Program* (HVP) i s capable o f d e t e r m i n i n g t h e e f f e c t s o f many v e h i d l e and environmental f a c t o r s on v i s i b i l i t y d i s t a n c e because i t c a r e f u l l y models :
The human v i s u a l d e t e c t i o n process.
The i l l u m i n a t i o n p r o v i d e d by v e h i c l e headlamps.
Road topography and p e r s p e c t i v e geometry.
Pavement r e f 1 e c t i v i t y .
The d i s a b l i n g e f f e c t s o f g l a r e on t a r g e t d e t e c t i o n .
Windshield t r a n s m i s s i v i t y .
Head1 amp m i saim.
Headlamp d i r t . With t h e use o f t h i s computer program i t i s p o s s i b l e t o determine t h e combined e f f e c t s o f w i n d s h i e l d t r a n s m i s s i v i t y and o t h e r v e h i c l e and environmental f a c t o r s on d r i v e r ' s v i s i b i 1 i t y d i s t a n c e t o p e d e s t r i a n
and d e l i n e a t i o n t a r g e t s .
* The coniplex topography and computer graphics a l g o r i t h m s o f L i t e r a t u r e Review
There have been a s u b s t a n t i a l number o f s t u d i e s performed i n t h e p a s t t o determine t h e e f f e c t o f heat absorbing glass on v i s ib i l i t y . Those s t u d i e s which used v i s i b i l i t y d i s t a n c e as t h e measure o f v i s u a l performance a r e p a r t i c u l a r l y r e l e v a n t t o our research because we a r e a l s o u s i n g t h i s measure.
The s t u d i e s measuring v i s i b i 1 i t y d i s t a n c e f o r heat absorbing g l a s s f a l l i n t o two b a s i c c a t e g o r i e s : f i e l d t e s t s , and analyses based upon l a b o r a t o r y t a r g e t d e t e c t i o n data. The f i e l d s t u d i e s p e r -
formed by Roper (1953) and Heath and Finch (1953) a r e t h e c l a s s i c papers o f t e n quoted on t h i s s u b j e c t .
Roper (1953) conducted f i e l d t e s t s on an a i r s t r i p u s i n g two i d e n t i c a l cars equipped w i t h sealed beam headlamps. Subjects drove
v e h i c l e s equipped w i t h c l e a r and heat absorbing g l a s s a t a speed of 40 mph toward roadside 16 i n c h square t a r g e t s o f r e f l e c t a n c e 7.5%.
The d i s t a n c e a t which t h e s u b j e c t s f i r s t detected t h e t a r g e t s was recorded.
D e t e c t i o n distances were measured i n t h e absence of g l a r e and i n t h e presence o f an oncoming g l a r e v e h i c l e moving a t a speed o f 40 mph. The percent v a r i a t i o n i n d e t e c t i o n d i s t a n c e between c l e a r and h e a t absorbing g l a s s ranges from 0 t o 10%. The average reduct i o n i n d e t e c t i o n distance, i n t h e absence o f g l a r e due t o h e a t absorbing glass was 5.72. I n t h e presence o f an oncoming g l a r e v e h i c l e t h e average r e d u c t i o n i n d e t e c t i o n d i s t a n c e f o r heat absorbi n g g l a s s was o n l y 2%. The author c o r r e c t l y a t t r i b u t e s t h e improved performance o f t h e h e a t absorbing glass i n t h e presence o f g l a r e t o t h e r e d u c t i o n i n g l a r e i 11 umination a f f o r d e d by t h e heat absorbing g l a s s . Roper concludes t h a t "unless t h e d r i v e r does p r a c t i c a l l y a l l o f h i s d r i v i n g a t n i g h t , t h e daytime b e n e f i t s t o be d e r i v e d from heat absorbing g l a s s windshields o f f s e t t h e sriiall r e d u c t i o n i n seei n g d i s t a n c e a t n i g h t . " Heath and Finch (1953) performed f i e l d t e s t s s i m i l a r t o Roper, except t h a t no t e s t s were performed i n t h e presence of a g l a r e v e h i c l e . The d e t e c t i o n d i s t a n c e discrepancies between h e a t absorbing and c l e a r windshields cover approximately t h e same range as i n t h e Roper study.
A good example o f a n a l y t i c a l approach t o t h e computation of v i s i b i l i t y d i s t a n c e i s t h e paper by Dunipace, Strong and Huizinga (1974) . They have used t h e l a b o r a t o r y t a r g e t d e t e c t i o n data o f B l a c k w e l l (1952) t o compute v i s i b i l i t y d i s t a n c e t o v a r i o u s roadside t a r g e t s f o r low and h i g h beam i l l u m i n a t i o n . The purpose o f t h e i r study was t o a n a l y t i c a l l y determine t h e e f f e c t of h e a t absorbing g l a s s on v i s i b i l i t y d i s t a n c e .
I n o r d e r t o a v o i d t h e c o m p l e x i t i e s o f pavement r e f l e c t a n c e and t h e p r e c i s e c h a r a c t e r i z a t i o n o f background 1 umi nance, t h e authors have used two d i f f e r e n t types o f approximations which they r e f e r t o as t h e I S O -C and ISO-B models. The ISO-C model, which has p r e v i o u s l y been used by Blackwell (1954) and Haber (1955) , assumes t h a t t h e c o n t r a s t between t h e t a r g e t and t h e pavement i s constant ( t h e u n d e r l y i n g assumptions a r e t h a t t h e pavement i s t h e background f o r t h e t a r g e t and t h a t pavement r e f l e c t i v i t y i s c o n s t a n t ) . Using t h e ISO-C model, t h e mechanism f o r d e t e c t i o n i s p r i m a r i l y a f u n c t i o n of background luminance. As t h e d r i v e r approaches t h e t a r g e t , t a r g e t and background luminance increase simultaneously and a t t h e same r a t e m a i n t a i n i n g c o n t r a s t c o n s t a n t . As t h e t a r g e t g e t s c l o s e r t h e background gets b r i g h t e r and t h e r e q u i r e d d e t e c t i o n c o n t r a s t diminishes u n t i l t h e t a r g e t i s v i s i b l e , The ISO-B model, assumes t h a t t h e background i s o f constant 1 umi nance, independent o f t a r g e t distance. T h i s i s approximately t r u e when t h e sky i s t h e predominant background f o r t h e t a r g e t . Using t h e ISO-B model t h e r e q u i r e d d e t e c t i o n contrast i s c o n s t a n t . As t h e t a r g e t gets c l o s e r i t gets b r i g h t e r and i t s c o n t r a s t increases u n t i 1 t h e r e q u i r e d d e t e c t i o n c o n t r a s t i s achieved. The authors have determined t h a t t h e d e t e c t i o n distances measured in actual field tests are bracketed by the ISO-B and ISO-C model s .
In reality, the pedestrian detection problem i s a combination of the ISO-C and ISO-B situations. If the most intense part of the headlamp beam i s aimed a t the feet, then the pavement forms the background for the pedestrian and the ISO-C model holds. If the most intense part of the headlight beam f a l l s above the waist the sky forms the background and the ISO-B model holds. Usually, however, the situation i s somewhere in the middle and a non homogeneous target detection model such as the one used i n the HVP should be used.
Dunipace e t a1 have determined that the ISO-B model more accurately predicts the reduction i n visi bi 1 i ty distance ranging from 1 t o 6% found by various researchers in actual field t e s t s .
The Computation of Night Visibility Distances
Various researchers have computed n i g h t v i si bi 1 i ty distance from laboratory target detection data. Blackwell (1952) has measured the 50% probabi 1 i ty of detection contrast of homogeneous circular targets against a homogeneous background. Foveal thresh01 d contrasts were determined for subjects with normal acuity between the ages of 20 and 30 years. Threshold contrast was determined parametrically as a function of background 1 uminance, target diameter and exposure time. Figure 1 i s representative of the results of these target detection measurements for a .18 second exposure. The threshold detection cont r a s t decreases with increasing background luminance until i t reaches a minimum value independent of further increases i n , 1 umi nance , the Weber contrast. Detection contrast also decreases systematical ly with increasing target dianieter and exposure time. e Compute the effective circular diameter of the target i n minutes of arc from a knowledge of the actual dimensions of the object and i t s distance from the subject vehicle. e Compute the actual contrast of the target, C = B~ -B~, B B equal to target 1 yminance mi nus the background 1 umi nance divided by the background luminance.
6 Use the appropriate target detection curve (corresponding to the computed target diameter and appropriate exposure time determined by calibration with the field t e s t data) to determine i f the actual contrast i s greater than the required detection contrast. If the actual contrast i s greater, the target i s visible a t i t s location, i f not i t i s invisible a t i t s location. By means of repeated t r i a l s the precise location a t which the target becomes visible may be determined.
The Modelling of Windshield Transmissivity
The fraction of luminous flux that passes through the windshield i s characterized by the windshield transmissivi t y t . Thus, i f BT and BB are the target and background luminance as measured from the outs4de of the windshield, the target and background luminance measured from the inside of the windshield i s ~B T and tBB respectively. That i s , the windshield acts t o reduce the luminance of the target and background by the same identical fraction, keeping contrast constant. A t high luminance levels where Weber's law (required contrast i s constant) holds the windshield does not reduce v i s i b i l i t y . At low luminance levels, the reduction in background luminance produ~ed by the windshield increases the required contrast slightly. This increase in required contrast i s responsible in the absence of glare for a small (approximately 6%) decrease in detection distance when a heat absorbing windshield i s used rather than a clear windshield.
In the presence of glare sources the windshield acts to reduce the veiling luminance Bv produced by the glare source. The veiling lumiriance a t the d r i v e r ' s eye i s tBv. The reduction in veiling luminance produced by heat absorbing glass partially offsets the reduction in background luminance reducing the decrement in detection distance.
Compl i cati ng Factors
The basic principles in computing detection distance have been outlined above b u t in actual practice a headlight v i s i b i l i t y program must also cope with some additional complicating factors. A few of these will be discussed below.
Complex Topography
In order t o compute the luminance of a target positioned on a curved or h i l l y road, i t i s necessary t o compute the precise position of the target relative to the headlamp beams. Once this has been determined, the horizontal and vertical angle of the light ray emanating from the headlamp to the target can be computed; from this information and the intensity matrix for each headlamp the candlepower falling on the target may be computed. The mathematical computations involved in computing the Cartesian co-ordi nates of the road boundaries and the pedestrian target contour are quite involved.
To f a c i l i t a t e t h e v e r i f i c a t i o n o f these computations a computer g r a p h i c s c a p a b i l i t y has been developed t o p l o t t h e boundaries o f t h e r o a d and t h e c o n t o u r o f t h e p e d e s t r i a n s t a n d i n g on t h e roadway.
Examples o f t h i s c a p a b i l i t y are shown i n F i g u r e 2. F i g u r e 2a i s a d r i v e r ' s eye p e r s p e c t i v e drawing o f a l e f t h o r i z o n t a l curve, w i t h a r a t e o f c u r v a t u r e o f 2O/100 ft. and F i g u r e 2b i s an example o f a r i g h t h o r i z o n t a l curve. The p e d e s t r i a n i s s t a t i o n e d i n t h e c e n t e r o f t h e road 400 f e e t away, i n b o t h computer drawings. F i g u r e 2c i s a h i l l c r e s t v e r t i c a l curve corresponding t o a -8% change i n grade between tangent s e c t i o n s . The r a t e o f change o f c u r v a t u r e i s .76"/100 ft., t h e maximum r a t e p e r m i t t e d a t a design speed o f 50 mph.
The p e d e s t r i a n i s l o c a t e d a t t h e r i g h t road edge 400 f e e t away from t h e c a r , and i s p a r t i a l l y obscured by t h e h i l l c r e s t . I n t h e HVP, o n l y t h e non-obscured p o r t i o n o f t h e p e d e s t r i a n ' s contour i s used t o compute d e t e c t i o n d i s t a n c e . F i g u r e 2d i s an upgrade h i l l w i t h an 84 change i n grade between tangent s e c t i o n s . The p e d e s t r i a n i s 400 f e e t away a t t h e r i g h t r o a d edge.
Pavement R e f l e c t i v i t y Because pavement r e f l e c t i v i t y v a r i e s as a f u n c t i o n o f t h e angle o f i n c i d e n c e o f t h e l i g h t r a y s , t h i s angle must a l s o be computed so t h a t t h e proper pavement r e f l e c t a n c e v a l u e i s used i n t h e computation o f pavement luminance. The values o f pavement r e f l e c t i v i t y used i n t h e program have been measured p h o t o m e t r i c a l l y on a c t u a l concrete and a s p h a l t pavements, B e r n s t e i n ( 1 974), F i g u r e 3.
Non-Homogeneous Targets

Most t a r g e t s encountered by t h e d r i v e r a r e n o t homogeneous i n luminance and thus t h e proper way t o make use o f t h e l a b o r a t o r y d e t e c t i o n data t o p r e d i c t t h e v i s i b i l i t y o f a p e d e s t r i a n i s n o t obvious. Even t h e problem o f s p e c i f y i n g t h e luminance a t v a r i o u s p a r t s o f t h e p e d e s t r i a n and o f h i s background i s q u i t e d i f f i c u l t .
Therefore, i n t h e HVP s p e c i a l a l g o r i t h m s have been developed F i g u r e 2a.
o 2"/100 f t . l e f t c u r v e 8 P e d e s t r i a n 400 f t . away F i g u r e 2c. e -8% Change i n grade e P a r t i a l l y obscured p e d e s t r i a n a t Rt. r o a d edge, 400 f t . away F i g u r e 2b.
2"/100 ft. r i g h t c u r v e e P e d e s t r i a n 400 f t . away F i g u r e 2d. .
+8% Change i n grade
e P e d e s t r i a n a t R t . r o a d edge, 400 ft. away
F i g u r e 2. The Complex Topography and Geometric Graphics C a p a b i l i t y of t h e HVP f o r computing t h e luminance o f t h e t a r g e t and i t s background and f o r p r e d i c t i n g t h e v i s i b i l i t y o f non-homogeneous t a r g e t s . A b r i e f d e s c r i p t i o n o f these a l g o r i t h m s i s presented below.
Background B r i g h t n e s s Eva1 u a t i o n A d i f f i c u l t aspect o f t h e p e d e s t r i a n d e t e c t i o n problem i s s p e c i f y i n g t h e p r e c i s e background 1 uminance found a d j a c e n t t o t h e p e d e s t r i a n ' s contour. (There i s good reason t o b e l i e v e t h a t t a r g e t d e t e c t i o n occurs a t t h e c o n t o u r between t a r g e t and background.
Therefore, a know1 edge o f t h e p r e c i s e 1 umi nance d i s t r i b u t i o n a l o n g t h e c o n t o u r o f t h e p e d e s t r i a n i s necessary f o r p r e d i c t i n g t h e v i s ib i l i ty o f t h e p e d e s t r i a n . ) A t p r e s e n t t h e HVP determines whether each .point a l o n g t h e contour o f t h e p e d e s t r i a n i s a pavement o r sky p o i n t . I f t h e background p o i n t i s a pavement p o i n t t h e p r e c i s e d i s t a n c e o f t h i s p o i n t from t h e s u b j e c t v e h i c l e i s determined, and
t h e corresponding pavement r e f 1 ectance and pavement 1 umi nance a r e
computed. I f t h e background p o i n t i s a sky p o i n t , i t s luminance i s
t h e ambient luminance.
Non-homogeneous T a r g e t D e t e c t i o n Mode1
A p e d e s t r i a n t a r g e t w i t h a non-homogeneous 1 uminance d i s t r i b ut i o n i s o f t e n o n l y p a r t i a l l y v i s i b l e . That i s , d e t e c t i o n may f i r s t occur when o n l y a fragment o f t h e p e d e s t r i a n has s u f f i c i e n t c o n t r a s t t o be seen. The HVP uses an a l g o r i thin which e v a l u a t e s t h e v i s i b i l i t y o f v a r i o u s p o r t i o n s o f t h e p e d e s t r i a n ' s c o n t o u r as w e l l as t h e whole contour. The maximum d e t e c t i o n d i s t a n c e o f t e n occurs when o n l y a fragment of t h e p e d e s t r i a n i s v i s i b l e .
Equations f o r S p e c i f y i n g Thresh01 d C o n t r a s t
Based upon p h y s i o l o g i c a l c o n s i d e r a t i o n s , B e r n s t e i n (1974, 1976) has developed a formal ism f o r p r e
d i c t i n g t h e B l a c k w e l l t h r e s h o l d c o n t r a s t data. The l a t e s t r e s u l t s o f t h i s f o r m u l a t i o n a r e a s e t o f equations which s p e c i f y t h r e s h o l d (50:; probabi 1 i t y o f d e t e c t i o n )
c o n t r a s t as a f u n c t i o n o f background luminance (.001 t o 100 f t -L ) , t a r g e t diameter ( 3 mins t o 64 mins) and exposure time (.01 sec t o 1.0 sec.). The correspondence between t h e values p r e d i c t e d by these equations and the raw Blackwell and McCready (1958) data i s i n many cases w i t h i n one standard d e v i a t i o n o f t h e experimental data. These equations a r e used i n t h e HVP t o determine i f a t a r g e t has the minimum c o n t r a s t r e q u i r e d f o r d e t e c t i o n .
The b a s i c equations f o r t h r e s h o l d c o n t r a s t as a f u n c t i o n o f
Background Luminance, Target Diameter and Exposure Time t h a t are used i n t h e HVP f o l l o w below:
where C i s t h e r e q u i r e d t h r e s h o l d c o n t r a s t BB i s t h e background luminance i n ft-Lamberts ( E -1) i s t h e neural t h r e s h o l d r e q u i r e d f o r d e t e c t i o n
and i s a f u n c t i o n o f t a r g e t diameter, TD, and exposure time, t.
+-.052/TD + .0023/t + .0037/t*TD . O l < t < 1 sec --3 min -< TD < 64 min.
r e p r e s e n t i n g t h e s e n s i t i v i t y o f t h e r e t i n a and i s a l s o a f u n c t i o n o f t and TD. a = ,149 + ,026 I n t + ,161 lnTD + .02 I n t lnTD . O l < t < 1 sec --3 min < TD < 64 min. The curves o f l o g c o n t r a s t vs. background 1 uniinance shown i n F i g u r e 1, f o r a .18 second exposure t i m e and t a r g e t diameters of 5, 10, 20, and 40 minutes r e p r e s e n t values p r e d i c t e d by t h e above equations.
Measures o f V i s u a l Performance
The d e t e c t i o n d i s t a n c e measure i s used throughout t h i s r e p o r t because i t s p e c i f i e s t h e u x i m u m d i s t a n c e a t which an e v a s i v e maneuv e r may be i n i t i a t e d and because i t i s more r e a d i l y computed from l a b o r a t o r y t a r g e t d e t e c t i o n data. A1 so, most dynamic f i e l d t e s t s conducted w i t h p e d e s t r i a n s i 1 houettes have measured d e t e c t i o n d i stance. The new HSRI head1 i g h t -v i s i b i 1 i t y computer program has been v a l i d a t e d u s i n g t h e data from such p e d e s t r i a n d e t e c t i o n f i e l d t e s t s .
Val i d a t i o n o f t h e Head1 i g h t V i s i b i l i t y Program
The , McMahan, and Farber (1976) were used t o v a l i d a t e t h e program f o r t h e v i s u a l task o f p e d e s t r i a n d e t e c t i o n . I n t h e i r f i e l d t e s t s Bhise e t a1 have measured t h e maximum d i s t a n c e a t which s u b j e c t d r i v e r s c o u l d d e t e c t 8OC; , 15:': and 255 r e f l e c t i v e s i l h o u e t t e s . These
In the f i e l d t e s t s , detection distances were determined under both low and high beam illumination where the low beams corresponded to type 2 low beams similar to a GE 4000 low beam while the high beams correspond t o type 5 government high beams a t 50% maximum o u t p u t . These same headlamp beam patterns were used in the headl i g h t visi bil i ty program.
The curves of detection distance vs. pedestrian reflectance for low and high beams indicate the predictions of the program whereas the solid dots represent the mean detection distances found (Bhise, McMahan, Farber, 1976) -1 a v a r i a t i o n l i m i t s -* e Low Beams 0 8% R e f l e c t i v e Pedestrian a t v e r t i c a l quite small, decrements range, from a minimum of 3.7% t o a maximum of 9.8%. The mean decrement i s only 6.7%.
. Co~nparison o f p r e d i c t i o n s o-f head1 i g h t model w i t h f i e l d t e s t d a t a ; p e d e s t r i a n 7 f t . t o t h e r i g h t o f r o a d c e n t e r . P r e d i c t i o n s o f model ; a Mean v a l u e o f f i e l d t e s t d a t a
R i g h t Road Edge o Both L e f t & R i g h t Headlamps t r a n s m i s s i v i t y
Olson and Mortimer (1973) determined from a f i e l d survey that the standard deviation of vertical headlamp aim was .8O. If both headlamps are misaimed down by .8O the resulting decrement in detection distance i s 32%.
Head1 amp Di r t
The distribution of d i r t on head1 amps changes d r a s t i c a l l y with weather conditions. Rumar (1975) has determined the r e l a t i v e proportion of cars having various levels of 1 ight reduction due t o d i r t accumulation in dry, wet and slushy weather. These respective distributions peaked a t transmission coefficients of 85, 55 and 25% f o r dry, wet and slushy conditions respectively.
The headlight v i s i b i l i t y program was used t o determine detection distance vs. % l i g h t transmitted through headlamp d i r t for an
automobile equipped with GE 4000 low beams. Detection distance t o a 15% reflective pedestrian a t the right road edge was determined f o r clear and heat absorbing g l a s s , figure 6. The s e n s i t i v i t y of detection distance t o a percent change in l i g h t transmission i s not great. In t h i s case i t i s a .35% decrement in detection distance f o r a 1 % decrement in 1 ight transmission. The s e n s i t i v i t y of detection distance t o changes in windshield transmissivi ty i s essentially equivalent t o t h i s . However, the change in transmissivity between clear and heat absorbing glass does not, in practice, exceed 15%, whereas in the case of d i r t on headlamps, a 15:; decrement in transmissivi ty i s often the best situation found in practice and decrements of 45% in wet weather and of 75% in slushy snow conditions are quite preval e n t . The decrement in v i s i b i l i t y distance due t o heat absorbing glass i s approxiniately 16 f e e t . A 30:i reduction in l i g h t transmissivi ty when road conditions change from dry t o wet produces a 40 f t . decrement in detection distance. The 60?L( reduction in l i g h t transn~ission when road conditions change from dry t o slushy produce At lower values of reflectance, detection distance increases rapidly with pedestrian ref1 ectance whereas a t high pedestrian reflectance, detection distance increases less rapidly. Detection distance i s not affected much by pavement type except a t low pedestrian reflectances when the target i s approximately the same reflectance as the pavement. Detection distance i s usually slightly greater on asphalt pavement than concrete pavement because for pedestrian reflectances greater t h a n 6' : ) target-background contrast i s greater for asphalt pavement. For pedestrian reflect a n c e~ below 6"; absolute target-background contrast niay be greater for concrete pavements than asphalt pavements and detection distances e Low Beams , * looO 1 @ P e d e s t r i a n a t R i g h t Edge o f Road I 0 .20 .40 .60
D e t e c t i o n D i s t a n c e vs. % L i g h t T r a n s m i t t e d Through Headlarnp D i r t and W i n d s h i e l d T r a n s m i s s i v i t y . a 95 f t . decrement in detection distance. Thus, i t i s clear t h a t the headlamp d i r t problem i s quite significant. I t i s
.80
.O PEDESTRIAN REFLECTANCE ( F t . L a m b e r t s I F t . Candl e ) F i g u r e 7. D e t e c t i o n D i s t a n c e v s . P e d e s t r i aq Refectance, Pavement Type and W i n d s h i e l d T r a n s m i s s i v i t y ;
----.79 T r a n s m i s s i v i t y , Concrete Pavement;
-.65 T r a n s m i s s i v i t y , Concrete Pavement;
X .79 T r a n s m i s s i v i t y , A s p h a l t Pavement; o -6 5 T r a n s m i s s i v i t y , A s p h a l t Pavement.
will be slightly greater on concrete pavements. For a pedestrian a t the l e f t edge of the lane, detection distance varies from a maximum of 200 f t . without glare t o a minimum of 127 f t . when the glare car i s 200 f t . away. The decrement in detection distance due t o heat absorbing glass i s only 3.5% for a pedestrian a t the right edge, 4.0% for pedestrians in the road center and varies from 11.3% t o 7.4% for a pedestrian a t the l e f t edge of the lane. The maximum decrement when there i s no glare i s 11.3':, when the glare car i s 600 f t . away the decrement i s 7.4%.
The reasons for the larger detection distance decrements a t the l e f t edge was revealed in the detailed program printout. For t h e p e d e s t r i a n s a t t h e l e f t l a n e edge, t h e most i n t e n s e p a r t of t h e beam p a t t e r n f a l l s on t h e f e e t o f t h e p e d e s t r i a n , w i t h i n t e n s i t y decreasing r a p i d l y w i t h i n c r e a s i n g h e i g h t a1 ong t h e p e d e s t r i a n s contour. Thus, t h i s s i t u a t i o n i s a c c u r a t e l y d e s c r i b e d by t h e 180-C models of B l a c k w e l l and Haber. However, t h i s s i t u a t i o n i s q u i t e i n f r e q u e n t and u s u a l l y t h e 180-B model w i t h i t s l o w e r r e d u c t i o n i n v i s i b i l i t y d i s t a n c e i s c l o s e r t o t h e t r u t h .
High Beam G l a r e D e t e c t i o n d i s t a n c e t o an 8% r e f l e c t i v e p e d e s t r i a n s t a t i o n e d i n t h e road c e n t e r has been determined f o r a s u b j e c t v e h i c l e equipped w i t h GE 6014 h i g h beams f a c i n g a g l a r e v e h i c l e equipped w i t h h i g h beams, F i g u r e 9. I n t h e absence o f a g l a r e v e h i c l e t h e h i g h beam lamps produce l a r g e d e t e c t i o n distances (67'1 f t . f o r a c l e a r wind-
s h i e l d ) . However, i n t h e presence o f a g l a r e v e h i c l e equipped w i t h h i g h beams, t h e v e i l i n g b r i g h t n e s s i s so g r e a t as t o reduce detect i o n d i s t a n c e t o 72 ft. when t h e g l a r e v e h i c l e i s 200 f t . away. A t
g r e a t e r g l a r e c a r d i s t a n c e s t h e v e i 1 i n g b r i g h t n e s s i s l e s s i n t e n s e and d e t e c t i o n d i s t a n c e approaches t h e d e t e c t i o n d i s t a n c e i n t h e absence o f g l a r e .
Compared t o t h e v a r i a t i o n i n d e t e c t i o n d i s t a n c e w i t h g l a r e
c a r d i s t a n c e t h e decrement i n d e t e c t i o n d i s t a n c e due t o heat absorbi n g g l a s s i s s m a l l . F o r t h e 8% r e f l e c t i v e p e d e s t r i a n s t a t i o n e d i n t h e c e n t e r o f t h e road t h e decrement i s 1 a r g e s t , 13?, when t h e r e i s no g l a r e v e h i c l e p r e s e n t .
E v i d e n t l y , t h i s s i t u a t i o n corresponds t o Haber's ISO-C model. However, t h e d e t e c t i o n d i s t a n c e p r o v i d e d by h i g h beams i s so g r e a t under these circumstances t h a t even w i t h a
132 r e d u c t i o n , t h e d e t e c t i o n d i s t a n c e i s q u i t e good. I n t h e presence o f a g l a r e v e h i c l e , t h e average r e d u c t i o n i n d e t e c t i o n d i s t a n c e i s o n l y 5.5%. A t a g l a r e c a r d i s t a n c e o f 300 f e e t , e v i d e n t l y t h e r e i s no decrement i n d e t e c t i o n d i s t a n c e .
Road Topography -Hori zonal Curvature An important environmental factor affecting visi bil i ty distance i s road topography. A1 though the safety planner has no control over existing roadways i t may be possible to develop headlamp beam patterns which are optimized to produce maximum v i s i b i l i t y for prevai 1 ing topographical conditions.
-The effect of horizontal road curvature on low beam detection distance t o 8% reflective pedestrians i s shown in Figure 10 . Under low beam illumination, horizontal road curvature produces variations in detection distance of 200 f e e t for pedestrians stationed in the road center when road curvature varies from 3 deg/100 f t . l e f t t o 3 deg/100 f t . right. For pedestrians stationed a t the right edge of the road, horizontal curvature produces a maximum vari ation in detection distance of 125 f t . Because the low beam pattern favors the right side o f the road, under most conditions of horizontal curvature detection distance i s greater to pedestrians a t the right road edge. However, as curvature increases to the right the detection distance gap to pedestrians on the right and in the center diminishes until finally there i s a crossover corresponding to the transition through the hot spots of the headlamp beam patterns.
Variations in detection distance due to heat absorbing glass f o r various degrees of road curvature vary from 2 . 2 % to 11%; the mean variation i s approximately 6%. Thus, the effect of heat absorbing glass on detection distance i s small compared t o the effect of horizontal curvature.
Vertical Curvature
A parametric analysis was performed to determine the effect of changes in grade on detection distance. Positive changes in grade correspond to increases in road slope (producing a valley between tangent sections), whi 1 e negative changes in grade correspond to decreases i n r o a d s l o p e (producing a h i l l between tangent s e c t i o n s ) .
I n a l l cases t h e r a t e o f change o f c u r v a t u r e has been h e l d f i x e d and t h e d e s i r e d change i n grade i s a t t a i n e d by c o n t r o l l i n g t h e l e n g t h of t h e c u r v e between t a n g e n t s e c t i o n s . ( A Pol i c y of Geometric Design o f Rural Highways (1965) places l i m i t s on t h e maximum degree of v e r t i c a l c u r v a t u r e as a f u n c t i o n o f design speed. A t a design speed o f 55 mph t h e maximum p e r m i s s i b l e r a t e o f change i n v e r t i c a l curvat u r e i s .76"/100 f e e t . ) The low beam d e t e c t i o n d i s t a n c e t o 8% r e f l e c t i v e p e d e s t r i a n s s t a t i o n e d a t t h e r i g h t r o a d edge has been determined f o r changes i n grade v a r y i n g from -8% t o +8%, 
v a r ia t i o n s i n d e t e c t i o n d i s t a n c e . The h i g h s e n s i t i v i t y o f d e t e c t i o n d i s t a n c e t o changes i n grade resembles t h e d e t e c t i o n d i s t a n c e s e n s it i v i t y t o v e r t i c a l misaim. Both these s i t u a t i o n s a1 t e r t h e v e r t i c a l l o c a t i o n of t h e p e d e s t r i a n i n t h e headlamp beam. P o s i t i v e changes
i n grade cause t h e p e d e s t r i a n t o move up i n t h e beam ( j u s t as m i saiming down causes t h e p e d e s t r i a n t o move up i n t h e beam p a t t e r n ) causing a decrease i n candle power r e a c h i n g t h e p e d e s t r i a n and r e d u c i n g d e t e c t i o n d i s t a n c e . Negative changes i n grade cause t h e t a r g e t t o move down i n t h e beam, i n c r e a s i n g candle power and detect i o n d i s t a n c e .
I n comparison t o change i n grade, h e a t absorbing g l a s s has a minimal a f f e c t on d e t e c t i o n d i s t a n c e . The decrement due t o h e a t absorbing g l a s s f o r v a r i o u s changes i n grade v a r i e s from a low o f 3.2% t o a h i g h of 6.9:;; t h e mean v a r i a t i o n i s approximately 54.
Wet Pavements
The d r i v e r ' s a b i l i t y t o see t a r g e t s under adverse weather c o n d i t i o n s has l o n g been a concern o f s a f e t y researchers. V i s i b i l i t y of t a r g e t s under wet road c o n d i t i o n s i s o f p a r t i c u l a r i n t e r e s t . 
The s i t u a t i o n b e i n g modelled i s a p e d e s t r i a n s t a n d i n g on a wet, s t r a i g h t , f l a t pavement a t t h e end o f a r a i n storm. Under these c o n d i t i o n s t h e r e f 1 e c t i v e p r o p e r t i e s o f t h e pavement a r e v e r y s i m i 1 a r t o t h o s e o f a m i r r o r . T h a t i s t h e wet pavement e x h i b i t s s t r o n g s p e c u l a r r e f l e c t i o n , ( h i g h r e f l e c t a n c e when t h e a n g l e o f i n c i d e n c e i s equal t o t h e a n g l e o f r e f l e c t i o n ) , b u t v e r y 1 ow r e t r o -r e f l e c t i v i t y .
Most d r i v e r s a r e aware o f t h e disappearance o f l a n e markings and o f t h e r o a d i t s e l f d u r i n g r a i n storms. T h i s i s because b o t h t h e l a n e markers and t h e pavement i t s e l f r e f l e c t l e s s 1 i g h t back t o t h e d r i v e r ' s eye r e d u c i n g c o n t r a s t . However, i n t h e absence o f g l a r e , p e d e s t r i a n s a r e a c t u a l l y more v i s i b l e on wet pavements t h a t t h e y a r e on d r y pavements. T h i s i s due t o t h e f a c t t h a t t h e p e d e s t r i a n r e f l e c t a n c e does n o t decrease and t h u s h i s luminance does n o t decrease i n t h e r a i n , w h i l e t h e d a r k e n i n g of t h e wet pavement i n c r e a s e s cont r a s t c a u s i n g t h e p e d e s t r i a~ t o be more v i s i b l e .
I n t h e presence o f an oncoming g l a r e c a r t h e wet pavement a c t s t o i n c r e a s e t h e d i s a b i l i t y g l a r e by s p e c u l a r l y r e f l e c t i n g t h e l i g h t f r o m t h e oncoming g l a r e lamps i n t o t h e s u b j e c t d r i v e r ' s eye. Thus, b o t h t h e d i r e c t and r e f l e c t e d g l a r e from t h e oncoming c a r c o n t r i b u t e s t o t h e v e i l i n g b r i g h t n e s s . On a wet, s t r a i g h t , f l a t pavement t h e s p e c u l a r g l a r e can be modelled by s u b s t i t u t i n g a v i r t u a l p a i r o f headlamps f o r t h e s p e c u l a r r e f l e c t i o n from t h e a c t u a l g l a r e lamps.
These v i r t u a l lamps a r e l o c a t e d below t h e a c t u a l lamps a t a d i s t a n c e below t h e pavement equal t o t h e h e i g h t of t h e lamps above t h e pavement, F i g u r e 13. The v e r t i c a l a x i s of t h e v i r t u a l headlamps i s i n v e r t e d r e l a t i v e t o t h e a c t u a l headlamps ( m i r r o r image). Thus t h e program i n computing d e t e c t i o n d i s t a n c e t o p e d e s t r i a n s on wet pavement i n t h e presence o f a g l a r e c a r , computes t h e v e i l i n g b r i g h t n e s s due t o t h e a c t u a l and image headlamps.
The d e t e c t i o n d i s t a n c e s on wet pavement f o r low beams f a c i n g low beams i s shown as a f u n c t i o n o f g l a r e c a r d i s t a n c e i n F i g u r e 12.
e Low Beams F a c i n g Low Beams e 8% R e f l e c t i v e P e d e s t r i a n i n Road C e n t e r The p e d e s t r i a n i s 8% r e f l e c t i v e and s t a n d i n g i n t h e c e n t e r of t h e road. Both s u b j e c t and g l a r e v e h i c l e s have i d e n t i c a l low beams.
In t h e absence o f g l a r e t h e p e d e s t r i a n d e t e c t i o n d i s t a n c e i s g r e a t e r on t h e wet pavement t h a n t h e d r y . Through a c l e a r w i n d s h i e l d t h e p e d e s t r i a n d e t e c t i o n d i s t a n c e on wet pavement i s 310 f t . , w h i l e on d r y pavement i t i s o n l y 200 ft. The presence o f a g l a r e c a r p r oduces l a r g e dec'rements i n t h e d e t e c t i o n d i s t a n c e on wet pavement, w h i l e on d r y c o n c r e t e g l a r e d e t e c t i o n d i s t a n c e i s a f f e c t e d l e s s d r a s t i c a l l y .
On w e t pavement d e t e c t i o n d i s t a n c e v a r i e s from a maximum o f 310 f e e t t o a minimum o f 91 f e e t .
The r e d u c t i o n i n d e t e c t i o n d i s t a n c e due t o h e a t absorbing g l a s s i s much l e s s t h a n t h e r e d u c t i o n caused by g l a r e on t h e wet pavement.
The decrement i n d e t e c t i o n d i s t a n c e due t o h e a t absorbing g l a s s v a r i e s from 04 when t h e g l a r e c a r i s 300 f e e t away f r o m t h e s u b j e c t c a r t o 12% when t h e r e i s no g l a r e c a r p r e s e n t . The mean r e d u c t i o n i n d e t e c t i o n d i s t a n c e i s a p p r o x i m a t e l y 7.8%.
V i s i b i l i t y o f D e l i n e a t i o n
The d r i v e r ' s a b i l i t y t o see roadway d e l i n e a t i o n 1 i n e s i s an i m p o r t a n t f a c t o r a f f e c t i n g h i s l a n e maintenance a b i l i t y .
Again d e t e c t i o n d i s t a n c e may be used as a measure o f v i s u a l performance. The HVP has been used t o compute t h e d e t e c t i o n d i s t a n c e t o a 1 5 ' x 4" w h i t e r e f l e c t o r i z e d d e l i n e a t i o n tape of s p e c i f i c luminance .18 c a n d e l a s / f t . -c a n d l e i f t . 2 (minimum f e d e r a l s p e c i f i c a -
Because a d e l i n e a t i o n l i n e i s a h o r i z o n t a l t a r g e t , t h e p r oj e c t e d image i n t h e d r i v e r ' s f i e l d o f view i s g r e a t l y f o r s h o r t e n e d .
The HVP perfornls t h e computations which p r o j e c t t h e d e l i n e a t i o n l i n e i n t o the v i e w i n g p l a n e and computes t h e e q u i v a l e n t area f o r t h i s p r o j e c t e d t a r g e t . D e t e c t i o n d i s t a n c e f o r c l e a r and h e a t absorbing glass were determined f o r a 15 f t . delineation l i n e located in the center of a 24 f t . wide, s t r a i g h t , f l a t roadway. Detection distance through the .79 transmissivity c l e a r windshield i s 315 f e e t while detection distance through the .65 transmissivi ty heat absorbing windshield was 300 f e e t ; the decrement due t o heat absorbing glass i s only 4.8%. This decrement should not adversely a f f e c t d r i v e r ' s 1 ane mai n tenance abi 1 i ty .
Concl usi ons
There a r e many other vehicle and environmental factors affecting visi bi 1 i t y distance besides the nature of the windshield glass. Under normal nighttime driving conditions the variation in pedestrian detection distance t h a t i s due t o these other factors i s often significantly greater than the variation in detection distance due t o the type of windshield glass.
The following i s a summary of our research findings on the e f f e c t s of various vehicles and environmental factors on pedestrian detection distance. 2, Headlamp d i r t i s a serious factor adversely affecting detection distance. Decrements in 1 ight transmission of 15, 45, and 75% are quite prevalent under dry, wet, and slushy road conditions respectively. Whereas the decrement in detection distance to a 15L?:, r e f l e c t i v e pedestrian due t o h e a t absorbing g l a s s i s 16 f e e t t h e expected decrement i n d e t e c t i o n d i s t a n c e when road c o n d i t i o n s change from d r y t o wet ( a 30% r e d u c t i o n i n 1 i g h t t r a n s m i s s i o n ) i s 40 f e e t . The use o f headlamp washers would i n c r e a s e d e t e c t i o n d i s t a n c e enough t o more than compensate f o r t h e r e d u c t i o n i n d e t e c t i o n d i s t a n c e caused by h e a t absorbing g l a s s . 
